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Abstract 
This study explored the flexural performance of an innovative Hybrid Composite Floor Plate System 
(HCFPS), comprised of Polyurethane (PU) core, outer layers of Glass-fibre Reinforced Cement 
(GRC) and steel laminates at tensile regions, using experimental testing and Finite Element (FE) 
modelling. Bending and cyclic loading tests for the HCFPS panels and a comprehensive material 
testing program for component materials were carried out. HCFPS test panel exhibited ductile 
behaviour and flexural failure with a deflection ductility index of 4. FE models of HCFPS were 
developed using the program ABAQUS and validated with experimental results. The governing 
criteria of stiffness and flexural performance of HCFPS can be improved by enhancing the properties 
of component materials. HCFPS is 50-70% lighter in weight when compared to conventional floor 
systems. This study shows that HCFPS can be used for floor structures in commercial and residential 
buildings as an alternative to conventional steel concrete composite systems.  
 
 
Keywords: Hybrid floor plate system, Glass-fibre Reinforced Cement, Polyurethane, flexural 
performance, Finite Element modelling, testing 
 
 
 
 
 
 
 
2 
 
1. Introduction  
Advancements in material technology have created a trend for using hybrid composite 
materials in infrastructure construction. Hybrid composite and sandwich materials offer 
desirable properties, such as being lightweight, easy to construct, economical, demountable, 
recyclable and reusable. They provide efficient systems, offering high stiffness-to-weight 
ratios and high strength-to-weight ratios. Hybrid composite and sandwich materials have 
been used effectively, instead of conventional materials, in many engineering applications. 
Typically, sandwich panels are comprised of two materials, which are high strength thin skins 
and a middle soft core. Hybrid composite systems comprise several hybridised materials to 
form composites. Hybrid composite components have been used effectively in automotive 
and aerospace applications [17, 20], while sandwich panels have been used in aerospace, 
marine and civil constructions, such as cladding wall panels [26], floor panels [12, 15, 18],  
roof panels [13], bridge decks [12], transportation applications [14] and dome-type shell 
structures [21]. Sandwich panels can only be used as short span floor structures because they 
become slender and deflect excessively when used as long span panels. Moreover, sandwich 
panels exhibit de-lamination and wrinkling failures under flexural loading. As a consequence, 
use of sandwich panels in floor plate construction is limited. Despite having the potential to 
overcome the limitations of sandwich panels, use of hybrid composite components in floor 
plate construction has not been adequately investigated and developed.  
 
In this context, the authors investigated the feasibility of developing an innovative Hybrid-
Composite Floor Plate System (HCFPS) using Polyurethane (PU), Glass-fibre Reinforced 
Cement (GRC) and thin perforated steel laminates [11]. GRC and PU have shown the 
potential to be used as component materials in HCFPS. GRC is a fibre-reinforced composite 
material, comprising of alkali-resistant glass fibres, cement and sand as the major 
constituents. It is lighter in weight than conventional concrete, but offers better tensile 
properties [16]. GRC outer layers along with a PU core have been used in sandwich 
construction applications [21]. PU is a common lightweight foam core material, which has 
been extensively utilized in sandwich construction [12, 15, 21]. A wide range of properties 
can be achieved with different densities of PU [31]. There is thus a potential for the use of 
GRC, PU and steel laminate for the development of an innovative HCFPS. 
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The proposed HCFPS is assembled using component materials as shown in the Fig. 1. The 
width of the HCFPS is limited to 2 m to suit prefabrication and transportation requirements 
but it can be varied if necessary. Length of the HCFPS can be varied by changing the material 
properties and sectional configuration. A cold-formed thin perforated steel laminate is placed 
at the bottom of the beam to improve tensile strength. When the HCFPS panel is subjected to 
bending, compressive stresses occur mainly in the slab, while tensile stresses occur in the 
bottom steel laminate. Shear stresses occur across the web of the beam. As GRC and PU 
exhibit better performance under compressive and shear stresses [16, 28], they are profiled 
and located to attract compressive and shear stresses in the slab and beam of the HCFPS as 
shown in Fig. 1. The continuous GRC layer along the edges provides an encasement to the 
HCFPS. Overall, the integrity of   the HCFPS section is maintained by the PU core as it 
provides a connection between the GRC layers and lateral support for the thin GRC layers to 
avoid lateral buckling. However, higher tensile, compressive and shear stresses are attracted 
to the steel laminate and GRC as their elastic modulus are significantly higher than that of the 
PU. In this way, positive inherent properties of individual component materials are combined 
to achieve optimum performance of the HCFPS.  
 
Fig.  1. Cross section of HFPS 
 
Component materials enable the HCFPS to be a lightweight and efficient system with 
acceptable strength properties [11]. Moreover, the lightweight property of this floor plate 
results in reduced load on the supporting beams and columns. Thereby, sizes of such load-
bearing members can be reduced, yielding economical advantages. Hence, HCFPS offers 
multifunctional structural properties, making it a viable alternative for traditional wood and 
concrete flooring.  
 
A comprehensive research program was undertaken to develop the innovative HCFPS that 
can be used as high performance lightweight floor plates. The work presented in this paper is 
an integral part of that research program and investigates the flexural performance of the 
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HCFPS using experimental testing and FE modelling. Behaviour of 3200 mm span HCFPS 
panels under static and cyclic loading, along with the failure modes, was investigated 
experimentally. A comprehensive material testing program was conducted to determine the 
properties of the component materials.  FE models were developed and validated using 
experimental results. A comparative study between HCFPS and currently available 
conventional floor system has also been conducted. 
 
2. Material property investigation 
A comprehensive test program was carried out to determine the material properties of the 
component materials used to manufacture HCFPS test specimens. Both PU and GRC were 
tested in tension, compression and bending, whilst steel sheet was tested in tension. This 
section presents the details of the experimental test program and results.   
2.1 Formulation of GRC 
GRC is a cementations matrix, comprising of cement, sand, water, admixtures and short-
length alkali-resistant glass fibres [19]. All GRC samples were cast using a pre-mix 
production method and the formulation of the constituent materials is given in Table 1.  
Table 1  
Formulation of GRC 
Constituent materials Percentage of total weight 
Cement (general purpose grey)  
Sand  (fine washed)  
Metakaolin  (Power Pozz)  
Polymer  (Vinnapas 512T)  
Super plasticizer  
Water  
Pre- cut alkali resistant glass fiber  
33.8 
33.8 
8.5 
4.1 
1.0 
14.8 
4.0             
  
 
2.2 Tensile testing for GRC 
The maximum thickness of the GRC layers used for the HCFPS test specimens and tensile 
test specimen were 10 mm. Sample size was selected as  250×25 mm according to ASTM 
3039 [7]. Five tensile test specimens were used to represent all GRC batches. Uniaxial 
tension tests were carried out using an Instron 5569 series Mechanical Tester, at a loading 
rate of 0.5 mm/min. Longitudinal strains were measured using the built-in extensometer of 
the test machine and the stress-strain relationships are illustrated in Fig. 2. Average cracking 
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tensile strength and tensile modulus were obtained as 3.1 MPa and 5.0 GPa, respectively. Fig. 
3. Shows a typical failure mode of a test coupon.  
 
Fig. 2. Stress-strain relationships for GRC in tension 
 
Fig. 3. Typical failure mode of a GRC tensile test specimen 
2.3 Four- point bending tests for GRC 
Four-point bending tests were carried out to investigate the flexural behaviour of GRC. Test 
specimens for the four-point bending tests were 10×25×200 mm with 152 mm clear span 
according to  ASTM  C947 [5]. Testing was conducted using the same test machine, as per 
section 2.2, with the loading set up shown in Fig. 4, at a 1 mm/min displacement rate.  Five 
test samples representing all GRC batches were used and resultant load deflection plots are 
given in Fig. 5.  All the test samples exhibited similar linear behaviour initially, but beyond 
the yielding point two samples exhibited slightly different behaviour from the others. This 
could be due to the random fibre arrangements in the test specimens. Flexural modulus was 
calculated using the initial linear behaviour of the plots according ASTM C947 [5] and gave 
an average value as 4.8 GPa.  The average force at which the force-deflection curve deviates 
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from linearity was 160N. This value was used to calculate the flexural strength of GRC as 9.7 
MPa,  according to the method given in [5]. 
 
Fig.4. Four-point bending test for GRC 
 
Fig.5. Load-deflection plots for GRC in four-point bending tests 
2.4 Cylinder compression test for GRC 
Compression tests were performed to obtain the stress-strain behaviour of GRC in 
compression. Three cylindrical specimens of 100mm diameter and 200mm height, 
representing all GRC batches, were used for this test. Specimens were tested using Universal 
Tinius Olsen test machine as shown in Fig. 6. Cross-head displacement was used to calculate 
the strains. The stress-strain relationships for GRC in compression are illustrated in Fig. 7. 
Compressive modulus and compressive strength were calculated as 5.9 GPa and 19.6 MPa 
respectively. 
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Fig.6. Compression test for GRC 
 
Fig.7. Stress-strain relationships for GRC in compression 
2.5 Composition of PU 
AUSTHANE AUE 757 rigid medium-density PU foam (density = 99.8 kg/m3) was used as 
the central core of the HCFPS test panel.  This foam is generally obtained by mixing AUE 
757 Polyol and ECOISO-GP Isocyanate liquids under controlled conditions.  
2.6 Compression test for PU 
Compression tests were conducted to obtain the compressive behaviour of the PU core. Five 
prism-shape PU foam coupons, which were 70×70 mm in cross-section and 50 mm thick, 
representing all PU batches, were manufactured and tested according to the ASTM C365-03 
[4]. The tests were carried out using an Instron 5569 series Mechanical Tester, by attaching 
flat loading platens (refer to Fig. 8) with a displacement rate of 0.5 mm/min.  The built-in 
extensometer of the test machine was used to measure the strains. Stress-strain relationships 
are presented in Fig. 9, which shows an initial linear response, then a plastic response, 
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followed by a strain-hardening behaviour with the increase of strain. The measured plastic 
compressive strength and compressive modulus were 0.5 MPa and 26.0 MPa respectively.  
 
Fig.8. Compression testing for PU core 
 
Fig.9. Stress-strain relation for PU in compression 
2.7 Tensile test for PU 
To determine tensile properties of the PU core, tensile tests were conducted according to ISO 
1926 [8].  Five prism-shaped test specimens, with 10 × 20 mm cross section and 150 mm 
length, were tested in the same test machine, as explained in section 2.6, and as shown in Fig. 
10. The built-in extensometer was used to measure the strain at a loading rate of 0.5 mm/min. 
It was possible to adopt this test method for the 99.8 kg/m3 density PU, since it had sufficient 
stiffness to facilitate gripping in the test machine. Tensile failure of all test samples occurred 
around the centre of the test sample, as depicted in Fig. 10. Tensile stress- strain curves are 
presented in Fig. 11, and average tensile modulus and tensile strength were obtained as 19.5 
MPa and 0.9 MPa respectively. 
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Fig.10. Tensile test for PU core 
 
Fig.11. Stress-strain behaviours of PU in tension 
2.8 Three- point bending tests for PU core 
To investigate the lexural behaviour of PU, three-point bending tests were conducted  as per 
ASTM D 790 [6], using five 20×10× 160 mm test specimens. An Instron 5544A mechanical 
testing machine was used to measure the load-deflection behaviour of test specimens by 
applying a central load at a rate of 2 mm/min as shown in Fig. 12.  Load-deflection plots from 
these tests are illustrated in Fig. 13. Maximum average load sustained by test specimens 
during the bending was 19.1 N. The Elastic modulus and flexural strength were calculated as 
22.4 MPa and 2.0 MPa respectively,  using the method provided in [6].  
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Fig.12. Three-point bending test for PU core 
 
Fig.13. Load-deflection plots from bending test of PU core 
2.9 Tensile test for steel laminate 
Tensile tests were conducted on three specimens of the steel laminate. Each specimen had a 
thickness of 1mm with dimensions as shown Fig. 14. They were prepared and tested 
according to AS 1391 [2], using an Instron 5569 series Mechanical Tester. Stress-strain 
relationships obtained from the tests are shown in Fig. 15, from which modulus of elasticity 
and yield strength of steel laminate were determined as 209.9 GPa and 201.0 MPa 
respectively.  
 
Fig. 14. Dimensions of tensile test specimen 
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Fig. 15. Stress-strain relationships for steel laminate in tension 
2.10  Summary of material properties obtained from the material testing 
Material properties for the three component materials, obtained from the material testing 
program are summarised in Table 2.   
Table 2  
Summary of material properties obtained from the material testing 
 
GRC 
(MPa) 
PU 
(MPa) 
Steel 
(MPa) 
Tensile Strength 
Tensile modulus 
Flexural Strength 
Flexural Modulus 
Compressive strength 
Compressive modulus 
3.1  
5.0× 103 
9.7  
4.8 ×103 
19.6  
5.9 ×103 
0.9 
19.5 
2.0 
22.4 
0.5 
26.0 
201.0 
209.9×103 
- 
- 
- 
- 
 
3. Experimental investigations of HCFPS panel 
This section presents the experimental investigations conducted to analyse the flexural 
behaviour of 3200 mm span HCFPS panels. Test panel configuration, fabrication method, test 
setup, instrumentation and experimental results are explained. 
3.1 Configuration and fabrication of HCFPS test specimen 
Section configuration (Fig. 16a) for the 3200 mm span HCFPS test panel was determined by 
conducting FE analysis. To enhance the support bearing capacity of HCFPS, the PU core was 
replaced with a 100 mm GRC in the vicinity of the supports, as shown in Fig. 16b.  
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(a)  Section dimensions 
 
 
(b) GRC fill replacing PU core near supports 
Fig. 16. 3200 mm span HCFPS test panel configuration 
Three specimens were cast using a plywood mould (Fig. 17a).  At first, a 6 mm thick GRC 
layer was applied at the bottom of the beam and a 3 mm thick perforated steel plate was 
placed on top (Fig. 17b). A second, 6 mm thick GRC layer was applied on top of the steel 
plate, extending to 10 mm thick GRC layers along the sides of the beam and bottom of the 
slab (Fig. 17c). After allowing 2 days of curing time, a central PU core was poured on top of 
the GRC layers (Fig. 17d) and allowed to harden for 24 hours. Then the top of PU core was 
grinded and levelled off (Fig. 17e) to obtain the required thickness.  Finally, a 10 mm thick 
top GRC layer was placed on the hardened PU core (Fig. 17f). Artificial bonding agents were 
not used between GRC and PU, as these two materials achieved a good bonding during PU 
hardening and the GRC curing processes (as also evidenced during the tests).   
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(a) Ply wood Mould                                                             (b) Perforated steel laminate 
 
(c) Placing bottom GRC layer                            (d) Pouring PU core 
 
(e) Grinding and leveling top of PU core                 (f) Placing top GRC layer 
Fig.17. Casting steps of HCFPS test panel 
3.2 Test set up and Instrumentation 
The HCFPS panel was supported as shown in Fig. 18a. Steel plates, which were 10mm thick 
and 100 mm wide, were placed under the slab and beam at the supports, and the plates were 
supported by solid circular steel bars, as shown in this Figure. Adjustable jacks were used to 
support the steel bar under the slab, also seen in Fig. 18a. Loads were applied as four line 
loads along the span using 1000 mm steel spreader beams through an arrangement shown in 
Fig. 18b and Fig. 19. This arrangement was adequate to simulate a uniformly distributed load 
(within the means of our testing facilities) and it enabled the curvature of the panel during 
loading, whilst maintaining the uniform loads at the contact locations, similar to the test set 
up in [15]. It was hence possible to adequately capture the flexural behaviour of the HCFPS 
using this loading arrangement.  In order to distribute the loads uniformly, 10 mm rubber 
pads were placed between the steel spreader beams and the surface of the HCFPS panel. 
14 
 
Linear-variation-displacement-transducers (LVDTs), with 0.01 mm sensitivity, were placed 
at centre of span to measure the deflections.. 
 
(a) Support with adjustable jacks 
 
(b) Loading and support arrangement 
Fig. 18. Test set up of HCFPS panel 
3.3 Static load test and results 
Two  HCFPS panels were tested in bending with a clear span of 3100 mm. Load was applied 
to the panel using a hydraulic pump, which was attached to the loading frame, as shown in 
Fig. 19. A 30 kN load cell was used to measure the load. Loading was continued till it was 
observed that the HCFPS panel was close to failure. Load vs mid-span deflection curves for 
the two test specimens obtained from the static loading tests are presented in Fig. 20. 
Cracking of the bottom GRC layer of the beam started to occur at a load of 12.5 kN. This was 
considered as the yielding point of the HCFPS panel. This will be further explained in section 
3.5. 
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Fig. 19. Static loading test for HCFPS panel 
 
Fig. 20. Load-deflection behaviour of HCFPS panels 
 
3.4 Cyclic loading tests and results 
Cyclic loading test for the HCFPS panel was conducted according to the  method given in 
[10]. This method can be adopted to evaluate the performance of slabs comprising new 
materials. Test was conducted using a hydraulic loading system, consisting of a Moog 
actuator as shown in Fig. 21. The displacement controlled moog actuator was used to control 
the cyclic loading.  Ultimate load for the cyclic loading test was considered as the maximum 
load carrying capacity of the HCFPS panel before any failure, which was determined by the 
static load testing as 12.5kN. 50 % of the ultimate load was applied for the first two load 
cycles. Similarly, 75% of ultimate load was applied for the second two cycles and 100% of 
the ultimate load was then applied for the last two load cycles. Rate of loading was controlled 
according to the load step duration given in [10]. Minimum loading of 1.25 kN, which is 10% 
of 12.5 kN, was maintained during the unloading cycles.  Load-deflection behaviour for those 
six cyclic loading steps is presented in Fig. 22. Additional loading cycles were carried out 
with 1 kN increments to investigate cyclic behaviour of the HCFPS panel beyond the yielding 
point. Two loading and unloading cycles were conducted per each increment up to 20.5 kN. 
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As before a minimum of 1.25 kN loading was maintained during the unloading. At the end of 
the cyclic loading tests, the applied load was increased to obtain a span deflection of 45 mm 
in order to compare the load-deflection behaviour (of the panel) under cyclic loading with 
that under static loading as shown in Fig. 23.  
 
Fig. 21. Cyclic loading test for HCFPS panel 
 
Fig.  22. Cyclic behaviour of HCFPS panel for first 6 loading cycles 
 
Fig. 23. Cyclic behavior of HCFPS panel 
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3.5 Test results, failure modes and discussion 
Load-deflection results from the static load tests, presented in Fig. 20, show a smooth 
transition from elastic to plastic behaviour and they do not show clearly a yielding point. 
However, flexural cracks were observed during the testing, at 12.5 kN applied loading in both 
panels. Vertical cracks then developed on either side of the beam, as shown in Fig. 24a. 
Loading was continued until mid span deflection reached approximately 50 mm deflection, 
which was the maximum measurable limit of the LVDT. At this deflection, cracks in the 
GRC layer, in the beam of HCFPS test panel, started to widen (Fig. 24b) because of the 
plastic deformation of the steel laminate. However, complete collapse did not occur, even at 
the 50 mm central deflection, as the steel laminate continued to deform plastically with the 
loading. Furthermore, there was no failure in the slab and the failure occurred only in the 
beam. If, the loading had continued beyond the 50 mm deflection at mid span, there could be 
a complete collapse of the HCFPS panel due to the ultimate failure of the steel laminate. 
However, acceptable ductility for the HCFPS panel can be determined (as explained in 
section 3.6), with the load-deflection results up to 50 mm mid span deflection. 
 
(a) Vertical cracks in the beam of test panel 
 
(b) Failure only in the beam of HCFPS test panel 
Fig.24. Cracking and failure due to the flexure 
 
In order to establish the linear range of the HCFPS, its load deflection behaviour was 
determined from the analysis of a simply supported beam, using an equivalent flexural 
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stiffness. This equivalent flexural stiffness (EI) of the HCFPS was calculated as 5.76×10^11 
Nmm2, using the values of the Elastic modulus of the component materials, (obtained from 
material testing). Four equal loads (with similar spacing as in the test setup shown in Fig. 
18b) were used to obtain the load-deflection plot shown in Fig. 20. This behaviour can be 
considered as the linear load-deflection of HCFPS. Load-deflection results of static loading 
test, presented in Fig. 20, demonstrated that the deflection increased approximately linearly 
up to a load of 12.5 kN. After this point the deflection increased non-linearly. The force at the 
point on the load-deflection curve where it noticeably deviated from linearity, was considered 
as the yielding load as shown in Fig. 20. This is further supported by the experimental 
observation, where flexural cracks started to form at 12.5 kN applied loading.  
The load-deflection plots for the cyclic load test are shown in Fig. 22 and 23. From this plot 
the repeatability and deviation from the linearity of the member deflection (before yielding) 
were evaluated according to [10]. Repeatability was 99 %, which was more than the 
recommended minimum limit of 95%. Deviation from linearity was 10%, which was less 
than maximum recommended limit of 25%. Cyclic loading results were compared with the 
static load test results as depicted in Fig. 23. The panel subjected to the cyclic load test 
exhibited similar load-deflection behaviour as the (other) two panels subjected to static 
loading. Hence, the cyclic load test results are considered as reliable.  
All three test specimens exhibited ductile behaviour before flexural failure. The failure of the 
HCFPS specimens resulted from the cracking of the bottom outer GRC layer and yielding of 
the steel laminate.  
3.6 Deflection ductility  
Ductility of a structural member can be considered as a measure of its ability to undergo 
deformation without a substantial reduction in the flexural capacity [22]. One method of 
quantifying the ductility is the displacement ductility index, which is the ratio of ultimate 
deflection to the deflection at yielding. Ultimate deflection was considered as 45 mm and 
deflection at the yielding point 9.6 mm from Fig. 20. Deflection ductility index was hence 
calculated as 4.7 for the HCFPS test panels, which is acceptable for a structural member. 
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4. Finite element modelling  
The commercially available finite element program ABAQUS 6.9-1 was used with ABAQUS 
CAE as the pre- and post-processor for the FE simulations [1]. Considering the symmetry of 
the test panel along the span, a half model of HCFPS panel was developed with appropriate 
boundary conditions as illustrated in Fig. 25. At the centre of the beam, translations along the 
Z and X directions and rotations about the X, Z and Y axes were restrained. At the support of 
HCFPS, 10mm thick and 100mm wide steel plates were modelled under the HCFPS panel. 
Translations were restrained in the Y direction at the supports as shown in Fig. 25. This 
model simulates the test setup because steel plates were placed under the HCFPS panel as 
shown in Fig. 18. Load spreader beams were also modelled and the load was applied as 
illustrated in Fig. 25.  
 
Fig. 25. FE model of HCFPS panel 
 
C3D8R eight node liner brick elements were used in the FE model for all parts along with 
reduced integration and hourglass control [30].  The FE model was meshed as shown in Fig. 
26. Fine mesh was used in the beam, which exhibited flexural failure during the testing. 
Density of the mesh was determined by conducting a convergence study. 
 
Fig. 26. FE mesh of HCFPS panel 
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4.1 GRC Material models 
GRC layer of this hybrid assembly is subjected the compressive, flexural and tensile stresses 
under bending. To model all such states of GRC, a material model suggested by Soranakom 
et. al [29] was used. Although there is a gradual decrease of compressive stress after reaching 
the maximum stress according to Fig. 7, it is assumed as constant after the peak in the 
suggested material model. This did not affect the overall results of the analysis as the GRC 
did not exhibit a compressive failure in the experimental testing (up to mid span deflection of 
50 mm) or in the FE results explained in section 5. Tensile and compressive behaviour of 
GRC was modelled in ABAQUS by modifying the concrete damage plasticity model, which 
is suitable for similar behaviour of concrete. Parameters for GRC material model are given in 
Fig. 27. Values for the material model obtained from the GRC material tests are as follows: 
compressive yield stress (σcy) = 19.6 MPa, compressive yield strain (εcy) = 0.0040, ultimate 
compressive strain (εcu) = 0.03, cracking tensile strength (σcr) = 3.1 MPa, first cracking 
tensile strain (εcr) =0.00062, tensile stress at the end of tensile model (σtu) = 1.0 MPa, 
ultimate tensile strain (εtu) = 0.01 and modulus of elasticity (E=) 5.0 GPa).  Poisons ratio of 
GRC is taken as 0.24 from [32].  
 
Fig.  27. GRC material model 
 
Linear and non-linear tensile behaviour of GRC was modelled similar to the tensile test 
results. Non-linear compressive behaviour was approximated as a constant, as shown in the 
material model. This approximation was considered reasonable for FE modelling, as GRC 
exhibited tensile failure during testing.  
4.2 PU material model 
PU core was modelled using linear elastic properties of PU (E=22.4 MPa, ν =0.3). Poisons 
ratio (ν) for the PU was taken from [23] for the density of 99.8 kg/m3. Non-linear properties 
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of PU were not necessary, since it attracts lesser stresses due to the lower elastic modulus 
compared to the GRC and steel. This is explained further in section 5.    
4.3 Steel material model 
Steel laminate in the HCFPS is only subjected to tensile stress. Elastic properties (E=209.9 
GPa, ν =0.3) and plastic stress and strain values were used in ABAQUS, as obtained from the 
tensile tests. 3 mm thick perforated steel laminate was used in the test panel with 30% 
openings. In order to account for the plate openings in the FE model, effective thickness for 
steel laminate in the FE model was taken as 2.1 mm. 
5. FE analysis, model validation and discussion 
Static analysis of the FE model was conducted with the above material models. Perfect 
bonding was assumed between each of the materials. This assumption was supported by the 
experimental investigation in which no de-lamination was observed until failure.  
To validate the FE model, load-deflection behaviour was compared with experimental results. 
FE model exhibited a very good agreement in not only the linear behaviour but also in the 
non-linear behaviour captured during the tests, as shown in Fig. 28.  The FE model exhibits a 
linear behaviour up to an applied load of 14 kN. From this point onwards, it exhibits a 
nonlinear behaviour. This value of the load matched reasonably well with the experimental 
yielding point, with the small difference due to non uniformities of the material layers in the 
experimental panel. 
 
Fig. 28. FE model validation with experimental results 
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Furthermore, FE results also exhibited a flexural failure in the central span of the HCFPS 
panel beam. Damage due to the tensile failure of the GRC in the FE model is illustrated in 
Fig. 29. The damage parameter of GRC has been defined as the ratio of cracking strain to the 
total strain.  GRC and steel laminate follow the non-linear tensile behaviour after yielding  as 
observed both in the FE analysis and experimental testing. Further, stresses in individual 
materials in other parts of the HCFPS panels did not exceed their capacities. This was also 
observed in experimental testing as there was no resulting shear or support bearing failure. 
For the process of validation, the analysis was conducted until the mid-span deflection 
reached 45 mm, as the computation time increased significantly beyond this point. Since 
nonlinear behaviour could be predicted up to deflection ductility index of 4, which is the ratio 
of 45 mm to 11 mm, FE prediction was considered as adequate for further designs. Thus, FE 
models can be used for predicting the behaviour of HCFPS.  
 
Fig. 29. Flexural cracks in the beam of HCFPS at the failure 
 
Flexural stress and strain distributions along the cross-section at mid span of HCFPS, at the 
applied load of 14 kN and 11 mm deflection  (start of yielding of steel laminate), were 
obtained from FE model as shown in Fig. 30. The assumed yielding point in experimental 
testing therefore matches the FE results reasonably well. According to this figure, the PU 
core attracts negligible tensile and compressive stresses due to its lower elastic modulus. As 
PU has a lower tensile capacity, this hybrid configuration facilitates the avoidance of tensile 
stress in the PU core. Similarly, compressive stress in the compression zone of the slab is 
mostly attracted to the GRC layer, (though in Fig. 30 this is not distinct due to the scale).   
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Fig. 30. Stress and strain distribution at the middle span of the HCFPS 
 
Compressive stress of the PU core in the slab of HCFPS, at the applied load of 14 kN is (Fig. 
30) 0.01 MPa, which is lesser than the plastic compressive strength of 0.5 MPa presented in 
Fig. 9. However, PU cannot be neglected from the FE analysis as PU acts as a core and 
maintains the integrity of the sectional configuration of the HCFPS. For practical application 
the core material is important, although alternative material may be used instead of the PU 
core.  
Steel laminate acts as reinforcement for the HCFPS by attracting high tensile stress of 200 
MPa (Fig. 30). The lower most GRC layer at mid span cracks at the applied load of 14 kN 
and hence tensile stress in that layer is zero. This GRC layers in the slab of HCFPS panel 
attract compressive stress. The compressive stress then distributes over the area of top slab 
resulting in lower stress concentrations in the top most GRC layer of the HCFPS. This can be 
seen in Fig. 29 where flexural cracks appear only in the beam of the HCFPS without any 
compression failure in the slab. Compressive stress at the top GRC layer is 5.8 MPa at 14 kN 
(Fig. 30) load and the compressive strength of GRC obtained from the experimental testing is 
19.6 MPa. The FE results also showed that the compressive stress in the top GRC layer did 
not reach the compressive strength even at 45 mm mid span deflection. This behaviour was 
further supported during the experimental testing in which compression failure was not 
evident in the slab of the HCFPS panel. These results show that the positive inherent 
properties of individual component materials are combined to offset any weakness and 
achieve optimum performance of the HCFPS. 
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6. Comparison of HCFPS with Steel-deck  composite floor system and parametric study  
Stiffness and strength capacities of HCFPS were compared with an existing floor system, 
steel-deck composite floor system with a 3200 mm one way span (similar to the span of 
HCFPS test panel) [25]. Details of testing and material properties of the seel-deck composite 
floor system are presented in [24, 25]. Material properties of both GRC and PU were 
enhanced to investigate the performance of HCFPS in this comparative study. Material 
properties can be enhanced by changing the constituents  of GRC [9] and by increasing the 
density of PU [27].  
Properties of GRC and PU listed in Table 3 were used for the comparative studies. Elastic 
properties of GRC along with non-elastic properties were obtained from [16, 29]. Properties 
of PU were obtained from [27]. Elastic and plastic properties of steel from the experimental 
testing were used. Material properties of the FE model developed in section 4 were changed 
to these properties and analysis was conducted. 
Table 3  
Material properties for GRC and PU 
Material 
Set 
Density 
kg/m3 
E 
MPa 
I.   GRC 
     PU 
II. GRC 
     PU 
1800 
100 
1900 
500 
10,000 
22.4 
18,000 
361.2 
 
According to the results, stiffness of HCFPS can be increased to achieve a stiffness close to 
that of steel deck composite floor system by improving material properties as shown in Fig. 
29. Deflection control limit of span /360 specified in design codes, is shown in Fig. 31 and 
this limit is below the yielding point in all the load deflection profiles of the HCFPS.  
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Fig. 31. Comparison with a conventional floor system 
 
3200 mm span HCFPS panels with the same section configuration as those in the 
experimental testing were used for static analyses (FE) under a uniformly distributed load on 
the slab. Loads were applied as 5 kPa and 7.0 kPa, which are the service load and ultimate 
load comprising of dead load of 2 kPa and imposed load of 3 kPa according to AS 1170 [3].  
Deflection of the 3200 mm span HCFPS panel with material set I (according to Table 3) was 
determined under distributed service and ultimate loads. Service and ultimate load deflections 
were 4.6mm and 6.7mm respectively. At the ultimate conditions, individual materials did not 
exceed their capacities. Hence, HCFPS panels can be used in floor plate system.   
Self-weight of HCFPS test panels were compared with that of the steel-deck composite 
system. Self weight of 3200 mm span 1000 mm wide HCFPS panel was approximately 190 
kg. For the same size, self-weight of steel deck composite slab with 100 mm thick concrete 
deck was estimated at 793 kg. Therefore, HCFPS panels are about 70% lighter than 
conventional steel deck composite slabs. When density of PU is increased up to 500 kg/m3, 
HCFPS panels are still about 50 % lighter than the conventional systems. 
 
7. Conclusions 
A comprehensive research program was undertaken to develop an innovative HCFPS 
composed of PU, GRC and steel laminate. The work presented in this paper is an integral part 
of that research program and investigated the flexural performance of the HCFPS using 
experimental testing and FE modelling. Flexural testing of 3200 mm span HCFPS panels was 
0
5
10
15
20
25
30
0 10 20 30 40 50
Lo
ad
 (k
N
)
Deflection (mm)
Test 2
Test 1
Material Set - I
Material Set - II
Steel Deck Composite floor
26 
 
conducted under static and cyclic loadings. Experimental studies also included 
comprehensive material tests for the constituent materials. FE models were created using 
ABAQUS and validated using experimental results. Comparative studies were carried out 
using the validated FE models. The main findings of this paper are:  
1. Under static loading, the HCFPS exhibited ductile behaviour and flexural failure in the 
beam at mid span. There was tensile failure of the outer GRC layer and plastic yielding 
of the steel laminate. HCFPS displayed a deflection ductility of 4, which is acceptable for 
floor plates. 
2. There were no support bearing or shear failures during the testing of HCFPS panels. De-
lamination between layers did not occur until failure. Hence, HCFPS shows flexural 
failure under distributed loads. 
3. Cyclic loading tests yielded repeatability of 99% and deviation from the linearity of 10%. 
These values are within the limits given in [10], showing acceptable cyclic loading 
performance of this floor plate.   
4. According to flexural stress and strain distributions at the centre of the HCFPS panel, PU 
core attracted negligible tensile or compressive stress due to lower elastic modulus. Steel 
laminate acts as reinforcement for the hybrid by attracting high tensile stress. GRC layers 
in the slab of HCFPS panel attract compressive stress. Hence, in this innovative floor 
structure, the positive inherent properties of individual component materials are 
combined to achieve the optimum performance of the HCFPS. 
5. Stiffness and flexural performance of the HCFPS can be improved by enhancing the 
material properties and hence similar stiffness to conventional floor systems can be 
obtained. 
6. Design of this new floor system is governed by overall stiffness of the HCFPS, flexural 
failures of GRC and yielding of steel laminate.  
 
The implications of this study are: 
HCFPS can be used as a viable alternative to conventional floor system since it meets 
structural performance requirements and has many desirable properties. Longer spans can be 
obtained, if necessary, by changing the material properties of component materials and the 
sectional configuration.   
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A process can be developed for automated manufacturing to enhance production efficiency of 
panels of this HCFPS which is 50-70% lighter than the equivalent conventional composite 
slabs.  
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